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We report experimental and theoretical results of two symmetrical signals of degenerate four-wave
mixing generated in rubidium vapor. Both nonlinear signals are induced by two almost copropa-
gating laser beams, with ~ka and ~kb wave-vectors, and detected simultaneously in the 2~ka − ~kb and
2~kb − ~ka directions. In each direction, we observe a single peak when the two beams are tuned on
the closed transition 85Rb 5S1/2(F = 3) → 5P3/2(F = 4). The excitation spectra reveal a small
frequency separation between the two peaks, which is explained when propagation effects are taken
into account. Furthermore, our theoretical analysis shows that a correct description of the fre-
quency position of each peak is obtained only if coherent effects such as electromagnetically induced
absorption are included.
I. INTRODUCTION
In a four-wave mixing (FWM) process a fourth field
is generated as the result of the coherent combination
of three electromagnetic fields interacting with a non-
linear sample. This process has been used extensively
to investigate a variety of optical phenomena in atomic
systems. Since very early studies, different atomic level
configurations as, for instance, two-level [1, 2], three-level
Λ [3, 4], and four-level double-Λ schemes [5] have been
explored to enhance the efficiency of this nonlinear pro-
cess. One common characteristic in much of these FWM
process is the possibility to control the refractive index
[6] of the medium, and in some conditions cancel the res-
onant absorption due to the phenomenon of electromag-
netically induced transparency (EIT) [7, 8] or enhance
the absorption via electromagnetically induced absorp-
tion (EIA) [9, 10]. Another interesting feature is the
generation of narrowband photon pairs in atomic ensem-
bles via spontaneous FWM [11] as well as the efficient
generation of pairs of intense light beams showing a high
degree of intensity squeezing [12, 13].
The present work is concerned with two symmetric
FWM signals that are generated together in a sample
of thermal rubidium atoms. The nonlinear signals are
induced by two independent laser beams, with ~ka and ~kb
wave-vectors, when both beams are tuned on the same
85Rb Doppler line 5S1/2(F = 3)→ 5P3/2. In such a case,
where all fields are almost resonant with the same optical
transition, the degenerate FWM signals have been ana-
lyzed considering a pure [14, 15] or degenerate two-level
system [16], with one strong field, and arbitrary polar-
ization of the drive fields [17, 18].
Most of these experiments are performed with a coun-
terpropagating beam configuration, exploring the phase-
matching obtained when the generated beam is phase-
conjugated with the probe beam. In particular, we em-
ploy a copropagating beam configuration and detect si-
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multaneously the transmission of the incident beams and
the generated FWM signals at directions 2~ka − ~kb and
2~kb−~ka. In each direction, the excitation spectra show a
single FWM peak when the two beams are tuned on the
closed transition 85Rb 5S1/2(F = 3) → 5P3/2(F = 4).
A similar scheme, where two FWM fields are also de-
tected simultaneously, has explored a non-degenerate sys-
tem and showed that the generated fields with different
frequencies, like Stoke and anti-Stokes, can be correlated
or anticorrelated depending on the incident beams [19].
In the experiment described here, the degeneracy of the
nonlinear process in combination with incident beams of
the same intensities leads to two symmetric signals, ei-
ther in space as in frequency, independent of which beam
is scanning.
It is interesting to note that although the two signals
are generated by two independent FWM processes, they
give information about the dynamic of an ensemble of
atoms that interacted simultaneously with the same drive
fields. Actually, for a spatially uniform atomic medium,
the coherent superposition of the generated fields at dif-
ferent positions along the nonlinear medium leads to
the well-known phase-matching condition. This condi-
tion determines not only the propagation direction of
the outgoing FWM field in terms of the wave-vectors
of the incident waves but also the frequencies at which
the signals will be maximal. Recent studies [20] in a
non-degenerated three-level system, show that the phase-
matching condition is responsible for the high efficient
FWM signal when the excitation fields are turned off-
resonance from the atomic transition. In this case, with
counter-propagating beams, the predominant contribu-
tions are attributed to the EIA grating effects [21].
The experiment described here, with co-propagating
beams and involving a degenerate process, also reveals
a frequency shift out of the resonance. In special, we
observe a frequency separation between the peaks associ-
ated with each one of the FWM signals, with a red or blue
frequency shift depending on the relation between the ob-
served signal and the beam which frequency is scanning.
This work aims to investigate the main physical mecha-
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2nisms responsible for these frequency shifts and how they
are related to the coherence induced in the atomic sys-
tem. In Sec II, the experimental setup and the principal
results are presented. Sec. III is devoted to describe the
theoretical model and discuss the different contributions
to the FWM spectra calculated for a Doppler-broadened
sample. We conclude by summarizing the most impor-
tant results in Sec. IV.
II. EXPERIMENTAL SETUP AND RESULTS
A simplified scheme of the experimental setup is pre-
sented in Fig. 1(a) together with the hyperfine structure
of the D2 line of
85Rb. Two independent cw diode lasers
generate the two beams Ea and Eb that are responsible
for driving the four-wave mixing process. The beams Ea
and Eb, with wave-vectors ~ka and ~kb, respectively, and
orthogonal and linear polarization, converge inside a 5 cm
long cell containing a natural concentration of rubidium
atoms at an angle of approximately 40 mrad. To increase
the atomic density, the rubidium cell was heated to ∼ 55
oC. Both beams are tuned on the same Doppler line of
85Rb starting in the hyperfine ground state F = 3, as
shown in the inset of Fig. 1(a). To control and monitor
the frequency of each laser we use saturated absorption
spectroscopy (not shown).
We simultaneously detect four signals: the transmis-
sion of both incident beams Ta and Tb and the two FWM
signals in the 2~ka −~kb and 2~kb −~ka directions, as shown
in Fig. 1(b). In this type of forward geometry, the clean
detection of the signals can be a challenge since scat-
tered light from one beam might interfere with another’s
detection. To deal with this we take advantage of the
linear and cross-polarization of the signals and use po-
larizing beamsplitters before each detector. The incident
beams are typically strong allowing the use of regular
photo-diode detectors to acquire Ta and Tb. On the other
hand, the FWM signals are very weak so we use avalanche
photo-diodes (Thorlabs APD120A) to detect them.
The measurements are performed scanning the fre-
quency of one laser throughout the three allowed hyper-
fine transitions while the other has a fixed frequency. The
intensity of the incident lasers at the cell entrance is ten
to a hundred times the saturation intensity of the cyclic
transition 5S1/2(F = 3)→ 5P3/2(F = 4). Naturally, ab-
sorption is increased due to the temperature of the vapor
but not enough to absorb completely the fields Ea and
Eb, so we consider to be operating in a high-intensity
regime.
A typical experimental result is shown in Fig. 2(a)
with the transmission of the two beams Ta and Tb and
the two generated FWM signals, 2~ka−~kb and 2~kb−~ka, as
a function of the detuning (δa/2pi) of the scanning field
Ea. The intensities of Ea and Eb at the cell entrance were
selected to be approximately the same (I ∼50 mW/cm2)
and the frequency of Eb beam was fixed near the cen-
ter of the Doppler broadened spectrum. All curves are
FIG. 1. (a) Experimental setup with relevant energy levels
of 85Rb. PBS and HWP indicate polarizing beamsplitter and
half wave-plate, ~ka and ~kb are the wave-vectors of the Ea and
Eb beams and 2~ka−~kb and 2~kb−~ka indicate the directions of
two detected FWM signals. (b) Schematic representation of
phase-matching for the generation of the two FWM signals.
independently normalized and we chose to measure the
frequency detuning with respect to the 5S1/2(F = 3) →
5P3/2(F = 4) closed transition.
This result contains a series of interesting features. To
begin the analysis with the transmission signals, notice
that there are three peaks in each curve. The frequency
difference between them reveals that they are related to
the hyperfine transitions from the ground state F = 3 of
85Rb. Furthermore, these peaks only appear in the spec-
tra due to the simultaneous interaction of the two inci-
dent fields with the atomic medium. These sub-Doppler
peaks have been studied when the transmission of a weak
beam is measured in the presence of a strong fixed fre-
quency field, and the effect is known as velocity selective
optical pumping [22]. Here, we measure the transmission
of the two beams, when both are strong.
Notice that the peaks at the transmission curve of the
laser with a fixed frequency, Tb, appears in the appro-
priate order of energy growth. The same is not true for
the transmission of the scanning laser. To explain this
we must look at the different atomic velocity groups that
interact with the lasers. The field Eb induces the closed
transition 5S1/2(F = 3) → 5P3/2(F = 4) for a group
of atoms with velocity v1, as the dashed lines indicate in
the box I of Fig. 2(b). As we scan the frequency of Ea,
it executes each one of the allowed transitions, resulting
3FIG. 2. (a) Experimental result presenting the transmission
of the two incident beams and the two generated FWM signals
as a function of δa. (b) Boxes I and II show the transitions
from the ground state 85Rb F = 3, involved on each peak of
the transmission signals.
in a smaller absorption of the field Eb at these specific
frequencies, creating the peaks on the Tb curve.
As for the transmission Ta, the field Eb now selects
three groups of atoms with velocities v1, v2 and v3, pro-
moting the transition to the excited states F = 4, F = 3
and F = 2, respectively. Once again, as we scan Ea,
it will have the resonance frequency of the closed tran-
sition, as the box II indicates in Fig. 2(b). For each
velocity group, the optical pumping due to Eb lowers the
absorption of Ea and generates the three peaks in the
opposite order of energy growth [22–24].
The FWM signal we obtain is due to a degenerate pro-
cess when both fields interact with the velocity group v1.
In this case, as Fig. 2(b) shows the two incident fields
induce the closed transition to the excited state F = 4.
Notice that the two FWM signals in Fig. 2(a) present
a small frequency separation. One would expect that
since both processes are nearly identical, the output sig-
nals should not have different positions in the spectrum.
As we discuss in the following section, such features are
a result of the phase-matching conditions together with
coherent effects such as EIA.
To highlight the presence of the EIA phenomenon we
present one of the transmission curves alongside the two
FWM signals in Fig. 3. In this case, we use an experi-
mental configuration where the ratio between the inten-
sities of the incident beams is about three, with Ea being
more powerful. In Fig. 3(a), we scan the frequency of
the field Ea while Eb has a fixed frequency and vice versa
for Fig. 3(b).
FIG. 3. Measurements of Ta and FWM signals as a function
of the frequency detuning of the scanning beam, for a ratio in-
tensity of incident beams of three. (a) Curves for Ea scanning
and Eb fixed in frequency. (b) Curves for Eb scanning and Ea
fixed in frequency. Insets, zoom of the peak corresponding to
the cyclic transition on the Ta curve in each measurement.
Since the FWM signals are related to the same inci-
dent fields, involving only an interchange of the role of
each beam, they present the same intensity relation given
by the incident beams. Therefore, the FWM signals are
normalized using the highest value between them. As in
Fig. 2(a), these generated signals appear again with a
small frequency separation. However, we notice an in-
terchange in the frequency positions depending on which
beam is scanning. The relative frequency position of the
signal 2~ka − ~kb remains the same in relation to the peak
corresponding to the cyclic transition in Ta curve (see
Figs. 2 and 3). The same occurs for the 2~kb − ~ka sig-
nal in relation to the peak corresponding to the cyclic
transition in Tb curve.
The main feature of Fig. 3 is in the inset: the presence
of a narrow absorption dip inside the cyclic transition
peak in the Ta curve. This absorption dip occurs in the
middle of the two nonlinear signals meaning that both
lasers are resonant with the closed transition. The nar-
row dip is the signature of an EIA type process [25] and
it can be observed easier when one of the beams is more
intense than the other. We use this coherent effect as one
of the central pieces in our analysis of the frequency sep-
aration of the FWM signals. The EIA dip is also present
in the other two peaks of the transmissions curves, al-
though quite smaller and unstable.
To complete the experimental analysis, we show in Fig.
4 the FWM spectra for four intensities of the incident
beams. For these measurements, we scan the frequency
of the field Ea while Eb was fixed in frequency. With
the growing intensity of the incident beams, the FWM
4signals present a power broadening effect together with
an increase of the frequency separation. Moreover, for
intensities above 200 mW/cm2 this frequency separation
appears to be saturated. We also observed an asymmetry
of the signal that is better defined at higher intensities.
FIG. 4. Behavior of the two FWM signals at different inten-
sities of the beams Ea and Eb at the entrance of the Rb cell.
All curves are normalized.
III. THEORY AND DISCUSSION
To model our experimental data and explain the main
observed features we use a three-level system, as schema-
tized in Fig. 5. We can not use a simpler two-level system
since we must take into account the Zeeman structure of
the hyperfine levels, accessed by the input lasers due to
their orthogonal polarization. Hence, we model only one
process of FWM, while many other similar ones should
happen in the different Zeeman sublevels.
To be consistent with the three-level system, we choose
the co-propagation direction of the incident beams as the
quantization axis. Therefore, both incident beams will
induce σ transitions and the generated FWM field will
have a circular polarization. However, it is important to
note that the degenerescence in the ground state allows a
similar and reflected wave mixing to happen simultane-
ously, generating in phase the other circular component
(see Fig. 5(b)) that adds up to a linear polarization. So,
in each direction, we detect an FWM signal with linear
polarization.
Our treatment of the problem begins by considering an
electric dipole coupling as the interaction Hamiltonian
FIG. 5. (Color online) Three-level theoretical model with (a)
and (b) being the processes that generate the two circular
components of the signal, with frequency ωs, in the 2~ka − ~kb
direction; (c) and (d) are analogous to the 2~kb−~ka direction.
Hˆint = −}
3∑
j 6=k
(
Ω˜le
iωlt−iklz + c.c.
)
|j〉 〈k| , (1)
where Ω˜l =
µjkEl
2~ (l = a or b) is the Rabi frequency with
µjk being the transition dipole moment and El the am-
plitude of the electric field; ωl is the optical frequency
and kl is the wavenumber associated to the fields indi-
cated in Fig. 5. Using this Hamiltonian it is possible to
write Liouville’s equation
∂ρjk
∂t
= −(iωjk + γjk + γ′)ρjk − i} 〈j| [Hˆint, ρˆ] |k〉 , (2)
where γjk is the decay rate of the density matrix element
ρjk, γ
′ is the time of flight decay rate and ωjk is the
frequency of the |j〉 → |k〉 transition. Following the usual
steps, we apply the rotating wave approximation and look
for a steady-state solution. The Bloch equations for such
a system are
ρ11 =
−iσ12Ωa + iσ21Ω∗a + Γ21ρ22 + γ′ρ011
γ′
;
ρ22 =
iσ12Ωa − iσ21Ω∗a − iσ23Ω∗b + iσ32Ωb
Γ21 + Γ23 + γ′
;
ρ33 =
iσ23Ω
∗
b − iσ32Ωb + Γ23ρ22 + γ′ρ033
γ′
;
σ12 =
−i(ρ11 − ρ22)Ω∗a − iσ13Ω∗b
iδa + γ12 + γ′
;
σ13 =
−iσ12Ωb + iσ23Ω∗a
iδa − iδb + γ13 + γ′ ;
σ32 =
−i(ρ33 − ρ22)Ω∗b − iσ13Ω∗a
iδb + γ32 + γ′
.
(3)
5The σjk terms are the coherence from Eq. (2) in the
rotating frame, whereas Γjk are the decay rates of the
populations; the Rabi frequency has been redefined to in-
clude the spatial phase Ωl = Ω˜le
−iklz; δl is the detuning
of each laser with respect to the |j〉 → |k〉 transition; ρ0jj
are the populations in the absence of the fields and rep-
resent the terms that compensate the loss of atoms from
the interaction region with an arrival of new atoms in the
ground state at a rate γ′. The missing coherence equa-
tions are the complex conjugate of the ones presented.
We solve the Bloch equations in two stages. In the
first, the two fields Ea and Eb interact with the system
to create the coherence σ13 between the ground states.
We carry out this calculation analytically with all the
orders of interaction. We may write it as a function of
the population terms:
σ13 =
−Ω∗aΩb
[
(ρ11−ρ22)
(iδa+γ12+γ′)
+ (ρ33−ρ22)(−iδb+γ23+γ′)
]
iδa − iδb + γ13 + γ′ + |Ωb|
2
δa+γ12+γ′
+ |Ωa|
2
−iδb+γ23+γ′
.
(4)
To find the final expression, i.e., with no dependency on
any of the density-matrix elements, we use a computa-
tional system with a linear algebra suite.
In the second stage, we add the interaction with one
of the fields, Ea or Eb, in first order to generate the
σ′21 or σ
′
23 coherence, responsible for the FWM signals
at frequencies ωs = 2ωa − ωb or 2ωb − ωa. In fact, for
each direction, both coherence σ′21 and σ
′
23 contribute to
the generated signal, each one behind a certain circular
component of the signal, as Figs. 5(a) and (b) show.
The joint contribution of the two coherence for the
FWM signal in each direction can be equivalently re-
garded as the scattering of the two circular components
of each field Ea or Eb by the coherence σ13 created be-
tween the two ground states. As the fields co-propagate
with a small angle, the scattered fields will travel in dif-
ferent directions. It is useful to notice here that we follow
the typical procedure used to describe coherent effects as
EIT [8] and EIA [10], by considering all the important
contributions to σ13 that can modify the answer of the
medium.
As we can see, both signals generated in the experi-
ment might be modeled with the same set of equations.
Therefore, we choose to obtain the equations that de-
scribe the 2~ka − ~kb process. We also write the equation
for only the circular component of Fig. 5(a), adding both
of them at the end of the calculation. In this case, the
coherence associate with frequency ωs = 2ωa − ωb and
wavevector ~ks = 2~ka − ~kb is described by:
σ′21 =
i(ρ11 − ρ22)Ωs
−2iδa + iδb + γ12 + γ′ +
iσ31Ωa
−iδa + γ32 + γ′ . (5)
Notice that we include in the first term of Eq. (5) the
interaction of the generated field with itself in its low-
est order while the second term describes the nonlinear
process and is connected directly to the σ13 coherence.
Moreover, the Rabi frequency of the generated signal con-
tains the spatial information, i.e., Ωs = Ω˜se
−iksz.
The FWM signals are, in principle, proportional to
the modulus square of the sum σ′21 + σ
′
23. However, this
alone would not lead to the asymmetry and frequency
separation observed in the experimental spectra. This
response indicates that we must include the propagation
of the generated light in the atomic medium. To do so, we
use the wave equation obtained from Maxwell’s equations
∂2Es
∂z2
− 1
n2c2
∂2Es
∂t2
=
1
0c2
∂2P
∂t2
, (6)
where we assume that the input fields Ea and Eb are
strong enough to allow us to neglect their absorption.
Es is the generated electric field and P = µ12NTr(ρ)
[26] is the macroscopic polarization, with N being the
atomic density and µ12 being the dipole moment of the
transition. Moreover, the refractive index n for the gen-
erated signal is approximated as the index for the field
with a fixed frequency. This approximation is to keep
consistency with the calculations that follow, although
in this particular term n might be considered as equal to
unity without great modifications to results.
The polarization has two components P = Plinear +
PNL, each respectively linked to the first and second term
on the right-hand side of Eq. (5). We solve the wave
equation with a change of variables substituting the elec-
tric field Es for the Rabi frequency Ω˜s, resulting in
Ω˜s =
κσ˜31Ω˜a
[
e−αz − ei∆kz]
(−iδa + γ32 + γ′) (α+ i∆k) , (7)
where the constant κ =
ωsNµ
2
12
2~0c , and the coherence σ˜31
is the complex conjugate of Eq. (4) without the spa-
tial dependency in the Rabi frequencies. The absorption
coefficient α is taken from Eq. (5)
α =
κ(ρ11 − ρ22)
−2iδa + iδb + γ12 + γ′ . (8)
From Fig. 1(b) we may write the phase-matching con-
ditions, ∆k = |∆~k|, for both FWM processes, generated
in the 2~ka−~kb and 2~kb−~ka directions, respectively, with
the field Eb with a fixed frequency while we scan the field
Ea
∆k2~ka−~kb =
2ωa
c
{na − nb cos (θ)} ;
∆k2~kb−~ka =
1
c
{2ωbnb [1− cos (θ)]− ωa cos (θ) [na − nb]} .
(9)
We write only the phase-matching in the direction of
propagation since the angle θ between input fields is
6small. As mentioned earlier, we consider the index of
refraction for the generated signal as the index of the
field with a fixed frequency.
To model the refractive index we use the real part of
the electric susceptibilities of the transition in which laser
is. Since these susceptibilities are essentially the coher-
ence that we may extract from the Bloch equations [Eq.
(3)], we write the refractive indexes for both beams in
the 2~ka − ~kb process as
na = 1 +
Nµ221
2~0
Re (σ21)
Ωa
;
nb = 1 +
Nµ223
2~0
Re (σ23)
Ωb
.
(10)
We obtain these coherences from the previous proce-
dure of solving the nine equations (Eq. (3)) to all orders.
The curves for the refractive index as a function of the
detuning of the Ea field are presented in Fig. 6(a) for a
stationary atom. It is important to notice that while nb
behaves as one would expect, i.e., it grows with frequency
but has an anomalous dispersion around the resonance,
na does not follow the usual behavior. On the other
hand, it is interesting that nb is, in fact, a function of the
detuning of the a laser, an indicator of the interaction
between the fields due to the atomic medium.
It is in the behavior of na that lies the key factor for the
spectral position of the FWM signals. In the place of the
anomalous dispersion, there is a window with two of such
dispersion and an inflection point on the resonance. This
is a typical feature of the EIA process [27], observed in
the transmission of the input beams. We solve the Bloch
equations in all orders to reproduce the influence of such
a coherent phenomenon on the model.
With the refractive index modeled, we present the
phase-matching condition for both FWM signals in Fig.
6(b), again for an atom with no velocity. Notice that
the ∆k for the 2~ka − ~kb signal is much closer to zero be-
low the resonance and therefore the FWM signal itself
should appear on the same region of the spectrum, as
presented in the solid curves of Fig. 6(c) [orange/light
curve]. The same argument applies to the other signal,
2~kb−~ka [wine/black curve]. If one considers ∆k = 0, i.e.
no phase mismatch, the result is shown in the dashed
curve of Fig. 6(c). In this case, both FWM spectra are
overlapping, broad, and identical.
The modeling of the refractive index that goes in Eq.
(10) is critical to understand the features of the experi-
mental signal. If this refractive index behaves as it usu-
ally does in a medium with a resonance, i.e., it grows
with the frequency with a window an anomalous disper-
sion around the resonance, then the FWM signal 2~ka−~kb
would only exist above resonance, in complete disagree-
ment with the experiment.
If one chooses to neglect any dispersion effects in the
phenomenon, the phase mismatch due to the angle could
be obtained, however for a large detuning (of hundreds
FIG. 6. (Color online) (a) refractive index for both input
fields; (b) Phase-matching conditions for both FWM signals;
(c) Theoretical FWM signals with velocity integration and
propagation with phase-matching from Eq. 9 (solid line) and
with ∆k = 0 (dashed line). All curves are in function of the
detuning of the a field.
of MHz). Therefore, angle alone does not provide the
proper ∆k to be compensated with only the laser detun-
ing. It could be the case if the ground states were not
degenerate and therefore, lasers Ea and Eb had different
wavenumbers [20].
Naturally, one must take into account the Doppler
broadening due to the high temperature of the vapor.
Consequently, to obtain the FWM spectra in Fig. 6(c)
we integrate Eq. (6) with the Maxwell-Boltzmann dis-
tribution. In these curves, the atomic density is of the
order of 1012 cm−3 and the intensity of both input fields
is ten times the saturation intensity of the transition.
The chosen intensity and atomic density are in agree-
ment with the experimental range of the parameters.
7However, it is important to state that this model does
not fit the experimental data perfectly, especially if these
two parameters are modified. On the other hand, one can
change the intensity, for example, in the experiment and
obtain the FWM process for a large set of values. The
model itself points in the direction of an explanation to
the features of our FWM experimental result.
The hypothesis supported by our model is, therefore,
that the EIA process creates a window in the behavior of
the refractive index of the scanning laser. Furthermore,
the nonlinear interaction between fields in the medium
leads to a variable refractive index for the laser with a
fixed frequency. These two effects combine to form the
appropriate phase-matching condition to generate one
signal below resonance and the other above.
IV. CONCLUSIONS
We have investigated the excitation spectra of two
symmetrical FWM signals generated in rubidium va-
por, using a copropagating laser beams configuration.
The nonlinear signals were induced by two independent
lasers when both were tuned on the closed transition
85Rb 5S1/2(F = 3)→ 5P3/2(F = 4), resulting in a single
peak in each spectrum. Although this degenerate FWM
process is well known, we have detected the two signals si-
multaneously and explored the symmetry between them.
Noteworthy, the results have revealed some anomalies in
the index of refraction of the atomic medium induced by
the interaction with both fields.
An interesting point is that, even though the two sig-
nals are generated by two independent FWM processes,
they provide information about the dynamic of an en-
semble of atoms that interacted simultaneously with the
same excitation fields. In particular, the degeneracy of
the nonlinear process in combination with the configu-
ration of the fields leads to a symmetry in the signals,
both spatial and in frequency, regardless of which beam
is used to probe the excitation spectrum.
The anomalies of the index refraction are unveiled by
two experimental features: (i) an absorption dip in the
transmission of the beam that scanning in frequency, like
in an EIA process, and (ii) a frequency shift of both FWM
signals, in opposite directions, determined by the phase-
matching condition. Our theoretical analysis, applied to
a three-level system, shows how the index of refraction
seen by each beam can change during the interaction pro-
cess. Most importantly, the correct description of the
frequency position of each peak is supported by a com-
bination of an EIA process for the scanning laser and a
variable refractive index for both lasers.
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